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Amorphous thin films of Dyx Fe100⫺x and Dy20Fe80⫺y Coy , with various x and y values and of ⬃40
nm thickness, have been prepared by sputtering on polyimide films. Their magnetization curves and
the Mössbauer spectra indicate that at 295 K the iron moments are preferentially oriented parallel to
the film in Dy2Fe98 and that Dy6Fe94 is paramagnetic. The Dyx Fe100⫺x thin films, where x is 17, 20,
24, 29, 32, 35, and 37, show perpendicular magnetic anisotropies and moderate coercive fields of at
most 150 kA/m, whereas the Dy20Fe80⫺y Coy thin films, where y is 8, 13, 16, and 20, thin films show
stronger perpendicular anisotropies and larger coercive fields of ⬃400 kA/m. The introduction of
cobalt into the amorphous thin films increases their coercive field and the perpendicular magnetic
anisotropy. The Mössbauer spectra of the Dyx Fe100⫺x and Dy20Fe80⫺y Coy amorphous thin films
consist of broadened sextets which have been analyzed with a distribution of hyperfine fields by
assuming that the iron moments are oriented perpendicular to the plane of the film. Detailed fits of
the Mössbauer spectrum of Dy20Fe80 indicate that the cone angle of the iron magnetic moments
cannot be determined with accuracy. The average hyperfine fields in the Dyx Fe100⫺x amorphous thin
films are smaller than those in the crystalline dysprosium–iron intermetallic compounds. The
average hyperfine field increases from ⬃140 kOe in the Dyx Fe100⫺x films to ⬃220 kOe in the
Dy20Fe80⫺y Coy films, an increase which is in agreement with the increase in the saturation
magnetization. The x dependence of the isomer shift indicates that there is strong dysprosium–iron
bonding, whereas the y dependence of the isomer shift reveals an enhancement of the d-electron
localization. From earlier x-ray magnetic circular dichroism results and the Mössbauer spectral
results presented herein, iron magnetic moments of 0.87 or 0.67  B , corresponding to 2.9 or 2.8
holes in the iron 3d band, have been obtained for the Dyx Fe100⫺x amorphous thin films with x
greater or smaller than 27, respectively. © 2001 American Institute of Physics.
关DOI: 10.1063/1.1385574兴

I. INTRODUCTION

prosium, and iron and cobalt, respectively. Magnetic
studies5,6 of amorphous thin films of R x Fe100⫺x and
R x Co100⫺x , where R is a rare earth, indicate that, for the
heavier rare-earth metals, the magnetic moments of the rareearth and transition metal are antiparallel. Further, the rareearth and iron moments are usually arranged on coaxial
cones, whose opening angles are larger for the rare earth than
for the iron, whereas the cobalt moments are usually collinear.
The macroscopic magnetic and magneto-optical properties of the rare-earth transition metal alloys have been extensively studied5,6 but their microscopic magnetic properties
are less well known. This article presents a conversion electron Mössbauer spectral study of sputtered amorphous thin
films of Dyx Fe100⫺x and Dy20Fe80⫺y Coy . Some of these
films were previously studied7 by x-ray magnetic circular
dichroism and the results obtained from both studies will be
discussed in the final section of this article. The chosen x
values cover a broad range of amorphous solid solutions between dysprosium and iron. The dysprosium to transition

Both crystalline and amorphous rare-earth transition
metal compounds and alloys, in either the bulk or as thin
films, exhibit a wide variety of magnetic properties, properties which may be utilized in magnetic and magneto-optical
recording,1 magnetostrictive reading and writing heads,2
electric generators, and motors.3,4 Amorphous thin films containing both rare-earth and transition metals are currently
used in magneto-optical recording devices because they fulfill the requirements5 for an effective magneto-optical material: 共i兲 low saturation magnetization above room temperature, 共ii兲 an easy axis of magnetization perpendicular to the
film plane, 共iii兲 a Curie temperature between 400 and 600 K,
共iv兲 a large coercive field at the compensation temperature
close to room temperature, and 共v兲 a predominately square
hysteresis loop. The most commonly used5 rare-earth and
transition metal elements are terbium, gadolinium, and dysa兲
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metal ratio of 0.25 in the Dy20Fe80⫺y Coy series was chosen
because this ratio yields6 compensation temperatures close to
room temperature and Curie temperatures between 400 and
600 K.
II. EXPERIMENT

The amorphous thin films of Dyx Fe100⫺x and
Dy20 Fe80⫺y Coy have been sputtered7 on polyimide substrates, which were first covered with a 50 nm aluminum
buffer layer. X-ray diffraction results indicate that the films
are amorphous. The thickness of ⬃40 nm and the composition of the films were determined8 by Rutherford backscattering and proton induced x-ray emission studies. Hysteresis
curves with the films oriented both parallel and perpendicular to the field were recorded on a vibrating sample magnetometer operating at a maximum field of 1200 kA/m. The
films were covered with a 5 nm layer of Al to avoid corrosion during the magnetic measurements. The magnetization
measurements were made with the thin films on the substrate
and, thus, the exact masses of the film are not known and, as
a consequence, the exact magnetization values are unknown.
The conversion electron Mössbauer spectra were obtained at 295 K on a constant-acceleration spectrometer
which utilized a Wissel RIKON-5 conversion electron detector with 4 mole % methane in helium as the chamber counting gas. The spectrometer utilized a room temperature
rhodium matrix cobalt-57 source and was calibrated at room
temperature with ␣-iron foil. The spectra have been fit with a
0–350 kOe distribution of hyperfine fields by using the
method of Wivel and Morup.9 These fits use a distribution of
22 sextets in which the areas of the components of each
sextet were constrained to be in the ratio of 3:z:1:1:z:3. The
spectra are rather insensitive to the value of z and adequate
fits could be obtained in most cases with z values between
zero and ⬃1.0, although the best fits were obtained for z
values close to zero. As a consequence, z was constrained to
be zero because the magnetic studies, see Sec. III, indicate
that the easy axis of magnetization is perpendicular to the
plane of the film and hence parallel with the Mössbauer
␥-ray direction. Thus, the ratio was fixed at 3:0:1:1:0:3 for all
fits. Further, for all films the refined quadrupole shift was,
within experimental error, 0.0 mm/s. Thus the distribution
fitting variables were the isomer shift, the quadrupole shift,
the linewidth, and the relative contribution of each sextet. In
these fits the estimated accuracy of the isomer shifts, quadrupole shifts, and linewidths are estimated for most of the
spectra to be ⫾0.0025, ⫾0.01, and ⫾0.01 mm/s, respectively, and the estimated accuracy of the average hyperfine
fields it estimated to be ⫾5 kOe. For the spectra of Dy29Fe71
and Dy35Fe65 these errors are estimated to be twice as large.
III. MAGNETIC STUDY

The 295 K magnetic hysteresis curves for some of the
amorphous thin films of Dyx Fe100⫺x are shown in Fig. 1.
With the exception of Dy2Fe98 and Dy6Fe94, all the films
show a preferential orientation of the magnetization perpendicular to the plane of the film. Similar hysteresis curves
have been obtained10 for the Dy20Fe80⫺y Coy amorphous thin

FIG. 1. The hysteresis curves of the indicated amorphous thin films of
Dyx Fe100⫺x oriented perpendicular and parallel to the applied field.

films, which all show a perpendicular easy direction of the
magnetization. The Dy2Fe98 amorphous thin film is virtually
a pure iron thin film with the iron magnetic moments preferentially oriented parallel to the plane of the film with a
very small coercive field. The Dy6Fe94 amorphous thin film
is paramagnetic as is confirmed by the Mössbauer spectra to
be discussed in Sec. IV. The Dyx Fe100⫺x amorphous thin
films with x⫽17, 20, and 24 show rather square hysteresis
loops with substantial coercive fields of ⬃150 kA/m,
whereas the Dyx Fe100⫺x films with x⫽29, 32, 35, and 37
exhibit smaller coercive fields. In contrast, the
Dy20Fe80⫺y Coy amorphous thin films, with y between 13 and
20, show10 even larger coercive fields of ⬃400 kA/m, an
increase which is in agreement with the coercive fields previously reported6 for similar Dyx (Fe1⫺y Coy ) 1⫺x amorphous
thin films. Hence, we can conclude that the introduction of
cobalt into the amorphous thin films increases their coercive
field.
IV. MÖSSBAUER SPECTRAL STUDY

The 295 K conversion electron Mössbauer spectra of the
thin films of Dyx Fe100⫺x are shown in Figs. 2 and 3共a兲 and
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FIG. 2. The 295 K conversion electron Mössbauer spectra of Dy2Fe98 and
Dy6Fe94.

the corresponding distributions of the hyperfine fields are
shown in Fig. 3共b兲. The hyperfine parameters corresponding
to the fits are given in Table I. For comparison purposes, the
295 K conversion electron Mössbauer spectra10 of the thin
films of Dy20Fe80⫺y Coy are shown in Fig. 4共a兲 and the corresponding distributions of the hyperfine fields are shown in
Fig. 4共b兲.
A visual inspection of the spectra shown in Fig. 2 clearly
indicates that the Dy2Fe98 film shows a spectrum very similar
to that of ␣ iron. The spectral parameters given in Table I
indicate both that the observed 0.33 mm/s linewidth is larger
than the calibration linewidth of 0.27 mm/s and that the hyperfine field and the isomer shift are smaller than those of
␣-iron. These differences are, no doubt, due to the poor crystallinity of the sample and the presence of dysprosium
among the near neighbors of iron. Further, the relative area
of the second and fifth lines in the sextet indicate that the
iron magnetic moments are preferentially oriented parallel to
the plane of the film, as already observed on the magnetic
hysteresis curves, see Sec. III.

The Dy6Fe94 film exhibits the only paramagnetic spectrum, see Fig. 2, indicating that the Curie temperature of the
amorphous Dyx Fe100⫺x thin films decreases rapidly with increasing x for x values between 3 and 6, a decrease which
has been predicted by Hansen et al.6 All the remaining Mössbauer spectra shown in Figs. 3共a兲 and 4共a兲 exhibit broadened
sextets characteristic of amorphous materials. They have
been analyzed with a distribution of hyperfine fields as described in Sec. II.
It is generally assumed5,6 that the iron magnetic moments in the amorphous Dyx Fe100⫺x alloys are not collinear
but rather are arranged on a cone, whose axis is perpendicular to the film plane. Further, it is known that the presence of
cobalt in Dy20Fe80⫺y Coy favors a collinear arrangement of
the iron magnetic moments. As a consequence, we have tried
to extract the cone angle from the Mössbauer spectrum of
Dy20Fe80 shown in Fig. 3共a兲. For this purpose, we have fitted
this spectrum by constraining the relative area, z, of the 2, 5
spectral lines to different areas corresponding to different
cone angles. The average hyperfine field, isomer shift, and
 2 values resulting from these fits are plotted as a function of
the cone angle in Fig. 5. It is clear that the fits obtained with
a cone angle between 0° and 40° are of equivalent validity as
is indicated by the virtually constant value of  2 . Further, the
isomer shift and the average hyperfine field are the same for
all the fits for cone angles between 0° and 40°. Also, only
small differences in the hyperfine field distribution are observed for these cone angles. In contrast, fits with a cone
angle greater than 50° are significantly poorer and the average hyperfine field increases, as expected. Hence, because
the Mössbauer spectrum of Dy20Fe80 is consistent with any
cone angle between 0° and 40° and because of its similarity
with the remaining spectra, and in view of the magnetic results discussed above, we have constrained the cone angle to
0° in all the fits presented herein. In order to unambiguously
determine the cone angle of the iron magnetic moments, the
‘‘magic angle’’ geometry11 could be used. Unfortunately, our
conversion electron counter does not permit measurements in
the magic angle geometry within a reasonable acquisition

TABLE I. The Mössbauer spectral parameters, saturation magnetizations, M S , compensation temperatures,
T comp , and Curie temperatures, T C .
Compound

␦, mm/sa

具 H 典 , kOe

⌫, mm/s

M S , kA/mb

T comp , Kb

T C , Kb

Dy2Fe98
Dy6Fe94
Dy17Fe83
Dy20Fe80
Dy24Fe76
Dy29Fe71
Dy32Fe68
Dy35Fe65
Dy37Fe63
Dy20Fe60Co20
Dy20Fe64Co16
Dy20Fe67Co13
Dy20Fe72Co8

⫺0.047
⫺0.068
⫺0.087
⫺0.092
⫺0.095
⫺0.131
⫺0.127
⫺0.149
⫺0.134
⫺0.076
⫺0.074
⫺0.080
⫺0.084

328c
0
121
141
137
99
107
78
118
234
224
216
187

0.33
0.39
0.44
0.45
0.56
0.39
0.50
0.48
0.47
0.57
0.35
0.63
0.33

¯
¯
95
100
0
70
80
50
0
330
220
50
80

¯
¯
100
180
300
350

¯
¯
220
290
300
250
240
200
190
500
480
450
400

The isomer shifts are reported relative to room temperature ␣-iron foil.
These estimated values were obtained from Ref. 6.
c
For z⫽2.78.
a

b

¯
70
250
350

J. Appl. Phys., Vol. 90, No. 4, 15 August 2001

Fleury-Frenette et al.

1937

FIG. 3. 共a兲 The 295 K conversion electron Mössbauer spectra of the indicated amorphous thin films of Dyx Fe100⫺x . 共b兲 The distribution of the hyperfine fields
as determined from the Mössbauer spectra shown in 共a兲.

time because of the drastically reduced counting rate.
The dependence of the isomer shift on the iron and cobalt content is shown in Fig. 6, in which the circles and the
squares represent the amorphous Dyx Fe100⫺x and
Dy20Fe80⫺y Coy thin films, respectively. The negative isomer
shifts indicate that the s-electron density at the iron nucleus
in the thin films is larger than that in ␣-iron. Negative isomer
shifts have been observed12,13 in the DyFe2 and Dy2Fe17
compounds. Hence, the dysprosium–iron bonding process
adds electrons to the 4s iron band and decreases the isomer
shift by 0.002 65 mm/s per atomic percent of dysprosium, as
is indicated by the linear fit of the isomer shifts shown in Fig.
6 for the amorphous Dyx Fe100⫺x thin films. The linear fit of
the isomer shift for the amorphous Dy20Fe80⫺y Coy thin films,
also shown in Fig. 6, illustrates the influence of cobalt on the
isomer shift and indicates that the isomer shift increases by
0.0009 mm/s per atomic percent of cobalt. A similar small
increase in the isomer shift with increasing cobalt content
was also observed14 in the Dy(Fe1⫺u Cou ) 3 compounds. This
increase results from the additional screening of the
s-electron density at the iron nucleus as the additional extra

cobalt 3d electrons are added to the compounds and the
amorphous thin films. Indeed, these additional 3d electrons
increase the exchange splitting as is indicated by the larger
hyperfine fields, saturation magnetizations, and orbital
moments7 measured in the amorphous Dy20Fe80⫺y Coy thin
films. As a result of the increased exchange splitting, the 3d
electrons are more localized and provide an enhanced screening of the s-electron density at the iron nucleus.
The dependence of the average hyperfine field on the
iron content is shown in Fig. 7, in which the circles and the
squares represent the amorphous Dyx Fe100⫺x and
Dy20Fe80⫺y Coy thin films, respectively. The average hyperfine field in the Dyx Fe100⫺x thin films is substantially smaller
than the average hyperfine fields observed13,15 in DyFe2,
DyFe3, Dy6Fe23, and Dy2Fe17, fields which range from 220
to 300 kOe. The reduced hyperfine fields observed in the
amorphous thin films result, no doubt, from the amorphous
nature of the films.
The iron hyperfine fields in the amorphous
Dy20Fe80⫺y Coy thin films decrease linearly by 4.8 kOe per
removed cobalt atom as is shown in Fig. 7. Similar but
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FIG. 4. 共a兲 The 295 K conversion electron Mössbauer spectra of the indicated amorphous thin films of Dy20Fe80⫺y Coy . 共b兲 The distribution of the hyperfine
fields as determined from the Mössbauer spectra shown in 共a兲.

smaller decreases were observed14 in the Dy(Fe1⫺u Cou ) 3
compounds, decreases which were attributed10 to changes in
their electronic band structures.
V. DISCUSSION

Amorphous R x Fe100⫺x films have been previously
studied16 –20 by Mössbauer spectroscopy. Early transmission
Mössbauer spectral work on Gd23Fe77 and Nd37Fe63 films
was reported by Heiman and Lee16 and Taylor et al.,17 respectively. The 296 K spectrum of Nd37Fe63 observed
earlier17 is very similar to that of Dy37Fe63 shown in Fig. 3共a兲
but the former shows more absorption in the central lines. In
agreement with our conclusion in Sec. IV, Taylor et al.17
conclude that the noncollinearity of the iron magnetic moments cannot be unambiguously established from the Mössbauer spectra and that the Mössbauer spectral component
areas are consistent with the iron magnetic moments distributed in a cone with an angle less than 50°. The conversion
electron Mössbauer spectra18,19 of Tbx Fe100⫺x amorphous
thin films are very similar to those shown in Figs. 3共a兲 and
4共a兲. It is not clear how the cone angles have been extracted

in these studies18,19 but the quoted values of ⬃28°⫾5° are
in agreement with the very shallow minimum observed in the
 2 dependence around 30°, as is shown in Fig. 5. In conclusion, conversion electron Mössbauer spectroscopy in the
standard geometry can only yield poorly determined values
of the cone angle and only the magic angle geometry could
give accurate values.
Very recently, Duc et al.20 have reported conversion
electron Mössbauer spectra of amorphous Tb40Fe33Co27 films
prepared under different conditions. The spectrum of their
film A is very similar to the spectra shown in Fig. 4共a兲 for the
Dy20Fe80⫺y Coy films and its analysis with a distribution of
hyperfine fields between 120 and 350 kOe leads to an average hyperfine field of 235⫾3 kOe and a cone angle of 12°
⫾5°. These values are in complete agreement with the average hyperfine fields given in Table I for the Dy20Fe80⫺y Coy
films and the perpendicular magnetic anisotropy of these
films as is indicated by their hysteresis curves and Mössbauer spectra.
X-ray magnetic circular dichroism measurements7 have
shown that the 295 K compensation composition, x, in the
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FIG. 7. The iron content dependence of the average hyperfine field in the
amorphous Dyx Fe100⫺x and Dy20Fe80⫺y Coy thin films.

FIG. 5. The average hyperfine field, isomer shift, and  2 obtained from fits
of the Mössbauer spectrum of Dy20Fe80 shown in Fig. 3共a兲 as a function of
the cone angle.

amorphous Dyx Fe100⫺x thin films is 27⫾1. The 295 K saturation magnetization, obtained from Ref. 6, is plotted in Fig.
8 together with the 295 K average hyperfine field as a function of iron content in the Dyx Fe100⫺x thin films. Even
though zero magnetization was reported6 for Dyx Fe100⫺x ,
with x⬍18, our thin film of Dy17Fe83 exhibits a nonzero
magnetization, see Fig. 1, and a hyperfine field of 121 kOe.
The minimum hyperfine field of 78 kOe observed for
Dy35Fe65 is a bit surprising in view of the large magnetization reported earlier6 and observed herein, see Fig. 1. The

FIG. 6. The iron content dependence of the isomer shift in the amorphous
Dyx Fe100⫺x and Dy20Fe80⫺y Coy thin films.

iron-57 hyperfine field reflects only the magnetization of the
iron, a magnetization which is antiparallel to that of dysprosium. Hence, a smaller iron hyperfine field and magnetization could lead to a larger resultant magnetization. Figure 8
does not show the smooth compositional dependence of the
saturation hyperfine field observed16,19 in the amorphous
R x Fe100⫺x thin films. This difference most likely results from
both the difference in the measurement temperatures, 295 K
in this article and 4 K in the earlier articles16,19 and the compositional dependence6 of the Curie temperatures of these
amorphous alloys.
In the iron rich portion of Fig. 8, the three samples show
essentially the same hyperfine field of 130⫾10 kOe and the
same total iron moment per hole of 0.3  B as determined7 by
x-ray magnetic circular dichroism. Further, the four samples
in the iron poor portion of Fig. 8 show7 a significantly
smaller hyperfine field of ⬃100 kOe and a smaller total iron
moment per hole of ⬃0.24  B . If the usual conversion fac-

FIG. 8. The 295 K saturation magnetization, obtained from Ref. 6, and the
average hyperfine field in the amorphous Dyx Fe100⫺x thin films as a function
of iron content.
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tor of 150 kOe per  B is used, iron magnetic moments of
0.87 and 0.67  B are obtained for the iron rich and iron poor
amorphous thin films, respectively. This conversion factor is
strictly valid only at 0 K, however, even a variation with
temperature of this factor by 10% will lead to iron magnetic
moments which are still very reasonable. These moments
would correspond to 2.9 and 2.8 holes in the iron 3d band,
respectively. These values are quite reasonable in view of the
likely strong hybridization of the rare-earth 4 f orbitals with
the iron 3d orbitals via the rare-earth 5d orbitals, a strong
hybridization which has been observed for the RFe2 and
R 2 Fe17 based compounds both by photoemission21,22 and
x-ray absorption spectroscopic studies.23,24 However, both
the average hyperfine fields and iron magnetic moments are
smaller in the amorphous thin films than in the RFe2 and
R 2 Fe17 based compounds. This reduction is no doubt related
to the amorphous state and a similar reduction has been
observed25 for iron itself.
As shown by the values given in Table I, the average
hyperfine field and the saturation magnetization in the amorphous Dy20Fe80⫺y Coy thin films correlate rather nicely. This
correlation indicates that at 295 K the magnetization is dominated by the transition metal subnetwork and is enhanced by
the presence of cobalt.
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